The steam activation of carbon foams obtained after a thermo-oxidation treatment of coal tar pitch using inorganic acids (H 2 SO 4 and HNO 3 ), based on a low pressure foaming process without stabilization step was investigated. The characterization of the activated foams showed a strong dependence of the final structure of these materials with the chemical composition of the pitch precursor. This was related to the nature of the acidic pre-treatment used to modify the composition of the initial pitch. In both cases carbon foams with uniform open cell structures were obtained, although they showed very different steam reactivities. When nitric acid was used in the initial thermo-oxidative treatment, the activation of the carbon foam proceeded to a large extent; the porosity parameters of this sample were twice higher than those obtained when using sulfuric acid. This was attributed to the catalytic effect of H 2 SO 4 during the foaming step, which led to the formation of dense carbon foams with a well organized structure as inferred from XRD.
Introduction
Carbon foams are sponge-like ultra-high performance engineering materials which have recently attracted attention due to their potential applications in numerous fields [1, 2] . This interest has arisen from their outstanding features such as good electrical, optical, thermal and mechanical stability, coupled with tailorable thermal and electrical conductivities. Originally prepared from polymeric precursors [3] [4] [5] [6] , the development of carbon foams from coal tar and petroleum pitches [7] [8] [9] , as well as biomass derived precursors [10] [11] [12] provides an economical path for the synthesis of lightweight carbon materials.
The effect of the precursor's nature and foaming process on the structure and properties of the foams is under extensive investigation [13] [14] [15] . Typically, carbon foams have been prepared at high temperatures and high pressures [16, 17] , these two factors being key parameters to control the final properties of the carbon foam. However, the usual rigorous synthesis conditions and their associated high costs have limited their applications; thus from practical and industrial points of view, novel synthetic pathways based on lower pressures and temperatures are required.
When coal-derived pitches are used as precursors, a preliminary treatment is usually required before the foaming process, in order to adjust the viscosity and plastic properties of the pitch that would allow an effective foaming process. Such pretreatments usually involve polymerization and condensation reactions in the pitch. Air blowing and thermo-chemical treatment are most widely applied pre-treatments to control the viscosity and degree of anisotropy of the foaming precursor [18, 19] . In this regard, we have recently reported the synthesis of carbon foams from coal tar pitches using a low pressure foaming synthesis, based on the modification of the foam precursor with mineral acids [20] . This process requires neither a stabilization step nor high pressure treatments, thus reducing both the manufacturing time and the cost of the carbon foam. Moreover, therein reported foams exhibited outstanding mechanical properties [20] , and a good performance as catalysts supports [21] .
A way to broaden the application fields towards their use as adsorbents in liquid [3] and gas phase [22] , as well as their utilization as catalysts supports [21, 23] would rely on increasing their surface area (activation). Notwithstanding, the activation procedure has to be carried out under suitable conditions to ensure the porosity development while preserving the morphology of the pristine material.
For this reason, the objective of this study was to investigate the steam activation of carbon foams prepared from thermo-oxidized pitches (18 M H 2 SO 4 and 16 M HNO 3 ) based on a low pressure foaming. The effect of the pitch precursor composition on the properties of the carbon foam (structural parameters and reactivity for porous development) was evaluated. This will contribute to better comprehend the thermochemical reactions occurring during the foaming process to obtain low cost foams with a well developed porosity within the micro/mesopore range.
Experimental Methods

Foaming precursor and pretreatment
A commercial coal tar pitch was used as precursor (sample P) and was initially subjected to a chemical modification with concentrated acids (at 120ºC. The aim of this modification is to reduce the plastic properties of the pitch and therefore to allow the foaming process to be conducted at low pressure. Briefly, the coal tar pitch was heated up to 120 ºC to ensure melting conditions, and then the acid was added slowly under continuous stirring until a solid product was obtained. The samples were subsequently washed with hot distilled water to remove the excess of the reactant. The modified pitches were labeled as PS and PN, for the treatment carried out with sulfuric and nitric acids, respectively. The foaming process was carried out in a ceramic vessel by heating the pitch up to 600 o C (heating rate 15 o C/ min), in a N 2 atmosphere for 30 min.
The resulting carbon foams were labeled as CF followed by S and N, for those obtained by the modification in sulfuric and nitric acids, respectively. The obtained "green" foams were pyrolyzed at 800 o C in N 2 atmosphere (heating rate 15ºC/min) for further evolving of volatiles, and subsequently steam activated for 60 min at the same temperature. Activated carbon foams will be labeled followed by "-A".
Characterization of the pitches and carbon foams
Elemental analysis of the as-received and modified pitches was carried out in LECO automatic analyzers (CHNS-932 and VTF-900 for the oxygen content). The materials (pitches and synthesized carbon foams) were further characterized by thermogravimetric analysis (Setaram Labsys) employing the following instrument settings: heating rate of 15 ºC min -1 ; argon atmosphere at a flow rate of 50 ml min -1 .
X-Ray diffraction (XRD) patterns were recorded on a Bruker D8 Advance instrument operating at 40 kV and 40 mA, scan rate 0.02θ s -1 and using Cu Kα (λ = 0.15406 nm) radiation.
Morphology of the carbon foam particles was studied using a Ziess DSM 942 scanning electron microscope; particles were dispersed on a graphite adhesive tab placed on an aluminum stub. The images were generated in the back scattered electron signal mode, which yielded better quality pictures.
Both bulk (geometric) and true (helium) densities were measured to determine the bulk porosity of the block samples. The bulk density was evaluated from the values of the weight and the volume -the latter was calculated using dimensions of the sample. The true density was determined by helium pycnometry (Micromeritics). The bulk porosity (P) was calculated using Textural characterization of the carbon foams was carried out by N 2 and CO 2 adsorptiondesorption isotherms at -196 ºC and 0 ºC, respectively. Before the experiments, the samples were outgassed under secondary vacuum at 120 ºC overnight. The isotherms were used to calculate the specific surface area, S BET , total pore volume, V T (evaluated at p/p 0 0.99), and pore size distributions applying the t-plot method and using a non-porous carbon coated silica as standard [24] . The volume of narrow micropores was evaluated from the DRS formulism applied to the CO 2 adsorption data, using 1.023 g/cm 3 as the density of adsorbed CO 2 and 0.36 as the value of the β parameter [25] .
Results and discussion
Characterization of the carbon foams
In a recent work we have reported the synthesis of carbon foams using coal tar pitch as precursor based on the thermo-oxidative modification of the pitch precursor with mineral acids [20] . A detailed analysis on the chemical composition of the coal tar pitch after the acid modification has been therein discussed. Here we merely report the main physicochemical and structural parameters of the raw precursors for data interpretation (Table 1) .
Briefly, the selected coal tar pitch (sample P) is characterized by a low softening point and low oxygen content, both being largely increased after the acid treatments. This modification allows the foaming process to be conducted at low pressure. The increase in the oxygen content is attributed to the formation of oxygen containing groups during the thermo-oxidation treatment, as a consequence of polymerization and polycondensation reactions. This effect was slightly more pronounced when using sulfuric acid. Besides the oxygen, the acid modification caused a slight increase in the nitrogen and sulfur content of the pitch treated in nitric and sulfuric acids, respectively.
The synthesized carbon foams prepared from the low pressure foaming of the modified pitches are characterized by a reticular vitreous structure ( Figure 1 ). This open cell wall structure is frequently found in foams prepared by pyrolysis of polymers, pitches and coal extracts [7] . The foam cells presented an average size between ca. 200-250 μm after the treatment in sulfuric acid, and were slightly larger (ca. 300-350 μm) for that obtained after nitric acid modification of the pitch. The SEM images clearly showed the presence of cracks in the matrices of both materials, indicative of a well-developed foaming step [26] . These cracks mainly occur between the layers aligned parallel to the cell surface, especially in the junction area of the foam cells. The bulk (geometric) densities of the carbon foams were 0.52 and 0.59 g/cm 3 , respectively, for CFS and CFN, which are relatively high values for the operating pressure used in this study [10] . The foams also have over 89% open cell structure with bulk porosity close to 70 % according to helium pycnometry.
Both CFS and CFN showed a smooth surface with a low porosity at a nanometric scale and surface areas of ca. 25 m 2 g -1 . The corresponding gas adsorption isotherms (N 2 and CO 2 at -196 ºC and 0ºC, respectively) are shown in Figure 2 , whereas the main textural parameters are compiled in Table 2 . According to the N 2 adsorption isotherms at 77 K, before activation none of the pristine carbon foams exhibited any porosity in the micropore or mesopore range (as it is characteristic of reticular vitreous materials). However, a deep analysis of the porosity by means of the CO 2 adsorption data showed the presence of a non-negligible micropore volume for CFN.
This indicates that kinetic restrictions hinder the accessibility of N 2 to the porosity of this sample [27] , which should then be composed of micropores of narrow sizes. Indeed, the pore size distribution of narrow micropores was evaluated by the equation proposed by Dubinin-Stoeckli (DS) [25] from the CO 2 adsorption isotherms and the obtained data (Figure 3 ) corroborated the presence of micropores of ca. 0.8 nm for the foam obtained from the nitric acid modified pitch. In contrast, the volume of narrow micropores was found to be much lower for sample CFS,
indicating that in this case -when sulfuric acid is used to modify the composition of the pitch-the formation of an incipient microporosity is largely reduced.
After steam activation, the opening of the carbon matrix to form a porous structure was evident in both materials, and the activated foams displayed an open structure of interconnected pores with a micro/mesoporous network. The textural characterization showed important differences depending on the type of the acid used to modify the composition of the initial pitch, pointing out the significant influence of the precursor composition on the final structure and properties of the activated carbon foams.
The activation proceeded to a much larger extent when nitric acid was employed to modify the pitch (porosity parameters are twice higher). The effect was also evident in the narrow microporosity ( Figures 1 and 2) ; the CO 2 adsorption isotherm of sample CFN-A shows a well defined concavity from low relative pressures, characteristic of a highly microporous material and confirmed that the activation of foam CFN proceeds through the formation of new porosity.
The CO 2 adsorbed volume in CFN-A was much larger than that of CFS-A in the whole range of relative pressures. The micropore size distribution obtained by the DS method ( Figure 3) confirmed these observations. The activation of CFS brought about a small opening of the existing pores -the average size of the pristine foam (CFS) remained almost unchanged despite the increase in the pore volume (CFS-A)-, whereas in the case of CFN-A, the increase in the micropore volume upon activation is accompanied by the widening of the microporosity.
It should also be highlighted the short time applied during the steam activation (ca. 60 minutes), compared to the much longer times usually employed in the manufacturing of activated carbons [28] . Despite of this, the resulting activated carbon foam exhibited a relatively large surface area of 930 m 2 /g and a porous volume of 0.40 cm 3 /g. Such high surface areas in carbon foams have been reported only after chemical activation of carbon foams using high activating agent ratio [29, 30] .
These structural differences between both activated carbon foams must be related to the differences in the chemical composition and macromolecular structure of the precursors. First of all, the morphology of the carbon foams was preserved during activation, as inferred from the images shown in Figure 1 . On the other hand, the elemental analysis of the carbon foams showed a considerable reduction in the hydrogen and oxygen content in the carbon foam produced from the pitch modified in sulfuric acid, compared to the one treated in nitric acid. Thus CFS has a more dense structure (higher C/H ratio) and thus is a more thermostable material than CFN; as a result of these features, CFS shows a higher chemical resistance to oxidation. This is consistent with the easier steam activation observed for CFN.
The investigation of the thermal behavior of the carbon foams ( Figure 4 ) provided additional experimental results which support the higher reactivity of sample CFN. The mass loss corresponding to the thermal degradation (under inert atmosphere) of CFS is almost negligible, thereby confirming the thermal stability of this material. In contrast, the corresponding mass loss for CFN accounted for ca. 7 wt.%, with a wide peak above 600 ºC (the temperature of the foaming process). The thermal analysis of the treated pitches (PS and PN samples) before foaming showed that most of the volatiles decomposed at temperatures below 600 ºC. Thus the peak observed in the case of the CFN foam could be attributed to the internal structural reorganization of the modified pitch (PN) during the foaming process.
According to the results displayed in Table 1 , the polymeration and condensation processes that take place during the foaming process strongly modify the chemical composition of the "green" foams. Thus, the lower C/H ratio obtained for sample CFN, along with the degradation peak above 600ºC suggests that the nitric acid modification changes the polymerization pathway of the pitch during the foaming process. Sulfuric acid seems to catalyze condensation reactions through the formation of large condensed polyaromatic molecules rendering a denser carbon structure characterized by a weak reactivity towards steam activation.
At converse, nitric acid modification of the pitch leads to the insertion of heteroatoms in the carbon skeleton ( Table 1 ) that decompose easily with temperature and thus render the material more prone to react with steam during the activation.
XRD analysis was used for determination of the structural transformations of the green and activated carbon foams ( Figure 5 ). The XRD patterns of the prepared carbon foams corroborated the strong dependence of the carbon foam structure on the chemical composition of the modified pitches used as precursors. The more intense narrow (002) peak (characteristic of interlayer spacing) in CFS clearly indicates a considerably higher degree of graphitization and more ordered structure for this material, compared to the sample prepared using the nitric acid modified pitch. The treatment in sulfuric acid provokes polycondensation reactions during the foaming process, that would promote the reorganization of the carbon skeleton in an ordered array (through transformation of the aromatic molecular compounds), reducing the steam reactivity and thus the porosity development. After activation, both materials present a more disorganized structure, with a widening of the reflections at 24 º and 44 º.
Conclusions
Carbon foams with tailored textural properties were successfully synthesized from pitches Tables Captions Table 1 . Elemental analysis of the modified pitches, and the obtained carbon foams before and after steam activation. 
